Due to its tunability of conductivity, graphene can be considered as a novel epsilon-near-zero (ENZ) material. Based on this property, we propose a wave splitter using graphene. Simulation results show that the circular surface plasmon polariton waves excited by a point source can be transferred to narrow beams through a graphene-based wave splitter, which is formed by a polygonal contour of the ENZ graphene layer. The number of beams can be easily controlled by adjusting the shape of the polygonal ENZ graphene layer, and the operation frequency can also be chosen.
Introduction
In recent years, there has been a great deal of interest in physics and engineering of artificially constructed metamaterials, due to their exciting properties caused by unconventional values of permittivity ( ) or permeability ( ) [1] [2] [3] [4] [5] [6] . In particular, much attention has been focused on structures for which the real part of one or both of the constitutive parameters approaches zero [2] . These structures have been used to form interesting devices such as highly directive antennas [7] and compact resonators [8] . It is proved that materials with epsilon-near-zero (ENZ) may be directly found in nature in infrared and optical frequency band [3] . A well-known example is electron gas in which the current created by the drift of free electrons effectively interacts with the radiation as continuous medium characterized by a Drude-type dispersion model that has near-zero around its plasma frequency [1] . In infrared and optical frequencies, some low loss noble metals like silver and gold, semiconductors (e.g., indium antimonide) [9] , and polar dielectrics like silicon carbide (SiC) [10] may behave as ENZ materials near their plasma frequencies. However, due to their dispersive properties, such ENZ materials only work well near their plasma frequencies. So, finding new ENZ materials at desired frequencies is important to design functional devices.
Graphene [11] [12] [13] [14] [15] [16] [17] , due to its various intriguing properties, has been considered as one of the promising optical materials in the future [16, 18] . The one-atom-thick graphene is characterized by a surface conductivity ( = , + , ), which can be computed by the Kubo formula [10, 19] :
where is the radian frequency, Γ is the phenomenological scattering rate, is the temperature, is the chemical potential, is the electron charge, ℏ = ℎ/2 is the reduced Planck constant, ( ) = (
is the Fermi-Dirac distribution, and is Boltzmann's constant. Importantly, the conductivity of graphene can be changed via tuning the chemical potential, which is controlled by gate voltage, electric field, magnetic field, and/or chemical doping [20, 21] . According to the relationship between equivalent complex permittivity and conductivity of the Δ-thick graphene layer (graphene has a very small thickness Δ), given in [22] , we can tune the equivalent complex permittivity of the oneatom-thick graphene layer. In addition, graphene can support 2 International Journal of Optics the highly confined transverse-magnetic (TM) surface plasmon polariton (SPP) wave if and only if , > 0 (in other words, Re( ,eq ) < 0) [16, 23] . Based on the above conclusions, graphene shows the potential to construct transformational metamaterials on a one-atom-thick surface.
In graphene, the chemical potential depends on the carrier density ( ) which can be modified dynamically by applying a gate voltage [24] . The relation between and can be described as the following formula:
where V F ≈ 1 × 10 6 m s −1 is the Fermi velocity, is given by
, 0 is the residual carrier concentration, is the gate capacitance effected by the specific electrode configuration, |Δ | = | CNP − |, with | CNP | being the charge neutral gate voltage, and is the applied gate voltage. The chemical potential of graphene can be controlled using an ion-gel top gate [25] , which allows a large doping range through low electrostatic voltage. Through varying the chemical potential, we can find an equivalent complex graphene permittivity value at the working frequency, the real part of which is close to zero, either positive or negative. Here we choose negative ENZ values in order to support the propagation of SPP waves on the graphene. In this paper, we propose a tunable wave coupler based on a single sheet of graphene. The low wave number of propagation characteristics of such materials implies that the phase variation of the electromagnetic fields is negligible over a physically long distance, providing the possibility of manipulating the phase fronts into a desired pattern by controlling the shape of the interfaces of the ENZ material.
In the infrared frequency band, the near-zero epsilon values can be obtained via changing the gate voltage, which is related to the chemical potential [26] . Figure 1 shows the relation between the chemical potential and the real part of graphene's equivalent dielectric permittivity at different frequencies with = 3K and Γ = 0.43 meV. As can be seen, when the working frequency increases, the chemical potential corresponding to zero permittivity rises, implying that the wave coupler we have designed can also operate at other frequencies through tuning the gate voltage. Figure 2 shows the simulation model of the wave splitter based on graphene. The radius of the inner cylinder is denoted as 1, the apothem of the polygon is denoted as 2, and the diameter of proposed wave splitter is . The red zone corresponds to the ENZ graphene layer. In this area, the real part of graphene's dielectric permittivity approaches zero. In other areas, it can be defined as a negative value to support the propagation of SPP waves. According to [17] , uneven ground plane can be used to create inhomogeneous conductivity or permittivity pattern along graphene layer. This is schematically shown in Figure 3(a) . Highly doped silicon substrate with uneven height profile serves as the ground plane. The distance between the ground plane and graphene can be filled up with a regular dielectric spacer, for example, silicon oxide. In the numerical simulation, a point source on top of the graphene layer is utilized for The red zone is the ENZ graphene layer, and the blue zone is the graphene with negative dielectric permittivity to support the propagation of SPP waves.
Simulation Model
exciting the circular SPP waves. The distance between the source and the wave splitter is = 10 nm, as shown in Figure 3(b) . To satisfy the wave vector matching condition, the evanescent fields emitted from the infinitesimal dipole are used to excite the circular SPP waves on the graphene. So, the distance between the dipole and the graphene is much smaller than the working wavelength. In our design, the distance is chosen to be less than a thousand of the working wavelength. 
Numerical Results and Discussions
In this paper, we use a full-wave electromagnetic simulator software, CST Microwave Studio [27] , to obtain threedimensional numerical results. The numerical calculations use frequency-domain solver, performed with adaptive tetrahedral meshing and open boundary conditions for a freestanding graphene in vacuum without ground plane. An infinitesimal dipole is used as a point source to generate the circular SPP waves. To confirm the effectiveness of the proposed wave splitter based on graphene, we take three-, four-, five-, and six-beam splitter as specific examples. In all simulations, the working frequency is chosen as 50 THz and we set 1 = 90 nm, 2 = 95 nm, and = 400 nm. The thickness of graphene is taken as 1 nm. According to Figure 1 , we can obtain the equivalent complex permittivity ,eq = −2.28 × 10 −4 + 0.2178 with = 3 K, Γ = 0.43 meV, and = 0.12155 eV, which acts as ENZ graphene layer. However, the loss of the ENZ graphene area is large. As a consequence, when the graphene layer is used as ENZ material, the geometrical size of ENZ region should be set very small in order to reduce the propagation loss.
The chemical potential of the other background graphene layer is chosen as = 0.1799 eV, corresponding to the complex permittivity ,eq = −15.05 + 0.1511. It should be emphasized that, for the background graphene layer, any chemical potential larger than 0.129 eV (when > 0.129 eV, Re( ) < 0 and |Re( )| > 1) is capable of supporting the SPP waves propagation. Figure 4(a) shows the snapshot of the -component electric field distribution of the TM SPP wave of the graphene-based wave splitter, of which the outer contour of the ENZ graphene is triangle. When the circular SPP waves propagate through the ENZ graphene region, three beams of the almost linear SPP waves emerge. When the outer contour of the ENZ graphene layer is a square with length of 2, a four-beam wave splitter is realized, as shown in Figure 4 It should be noted that the device only operates effectively when the infinitesimal dipole source is placed right above the geometric center of the device. When the source is moved away from the center, the excited circular wave front is no longer a series of concentric circles centered at the device's center [28] . In this case, the excited circular wave front is unparallel to the ENZ material interface, leading to the spatial phase difference along the arc interface. Thus, the wave fronts of the output wave after propagating through the ENZ region are not plane waves perpendicular to the plane interface, due to the spatial phase difference. Therefore, the source should be placed above the device concentrically to ensure that the input wave front is conformal with the interface and thus the output waves are perpendicular to the output interface.
Conclusion
In this paper, we theoretically demonstrate that graphene can behave as a novel ENZ material. As one of the applications of ENZ graphene, multiple-beams wave splitter is presented. The beams of the wave splitter are controlled by designing the polygon contours of the ENZ graphene layer. The operation frequency can be designed through changing the gate voltage. Simulation results verify the effectiveness of our design. The ENZ graphene may have important applications in transformational plasmon optics and the proposed wave splitter can be used for generating multiple-beams of SPP waves.
